We consider thermoelectric effects in a pseudo-one-dimensional electron gas (P1DEG) with a spin-orbit interaction (SOI). The SOI splits the dispersion relation of the P1DEG into subbands with an energy gap. We find quantum oscillations in transport coefficients, which coincide with the locations of the subband edges, as a function of the electrochemical potential.
INTRODUCTION
In semiconductor spintronics, the electron's spin degree of freedom rather than its electric charge plays the main role in transport, and processing and storage of information.
When a temperature gradient is applied to a metallic magnet, a different driving power should be generated to electrons in different spin channels along the temperature gradient, which is called the spin Seebeck effect.
1,2 Recently, the spin Seebeck effect was observed in a soft ferromagnetic film of Ni 89 Fe 19 . 3 Spins in semiconductor nanostructures can be manipulated by spin-orbit interactions (SOI). The SOI is proportional to ðE Â pÞ Á S, where E is the electric field, p is the momentum, and S is the spin of the electron. 4 As typical SOIs in III-V semiconductor heterostructures, the Rashba SOI (RSOI) and the Dresselhaus SOI (DSOI) are often discussed. 5 In the RSOI, E is due to structural inversion asymmetry. 6,7 On the other hand, E in the DSOI is due to bulk inversion asymmetry. 8 Recently, Lü et al. investigated the effect of RSOI and external magnetic field on the thermospin properties of a quasi-one-dimensional ballistic electron system. 9 They extended the linear response theory of the thermoelectric transport 10,11 so that they could take account of electrons' spin degree of freedom in addition to their charge degree of freedom. They found that the spin Seebeck coefficient oscillates more rapidly and the intervals between adjacent peaks are narrowed, as the RSOI strength increases. Meanwhile, we have argued that a pseudo-onedimensional electron gas (P1DEG) with the RSOI is magnetized when an electrochemical potential gradient is applied with the Fermi level tuned to be in the energy gap.
12 In this system, the external magnetic field is not applied and the gaps of the energy bands are generated by the periodic boundary condition, which is the main difference from other works.
In the present study, we consider thermoelectric effects in the P1DEG system with the RSOI in no (Received May 24, 2010; accepted November 27, 2010 ; published online January 4, 2011) magnetic field. In the thermoelectric effect, an electrochemical potential gradient or a temperature gradient applied to the P1DEG induces an electric current and a heat current. We found by means of theoretical calculation that the transport coefficients of the P1DEG with the RSOI oscillate as the electrochemical potential is changed. The quantum oscillations are due to the van Hove singularities in the density of states. 13, 14, 15, 16, 17, 18 We comment here that Lü et al. obtained the spin Seebeck coefficient and the thermal conductivity.
9
In contrast we calculate the transport coefficients related to the electric and heat currents,r;p; andk, which are defined by Eqs. 7 and 11 below. Moreover, we reveal the relation between the peak positions of the oscillations of these transport coefficients and the edges of the band gaps. We also report the violation of the Wiedemann-Franz law 19 in P1DEG with RSOI. The failure of the Wiedemann-Franz law in mesoscopic conductors was reported in Ref. 20.
PSEUDO-ONE-DIMENSIONAL ELECTRON GAS WITH A SPIN-ORBIT INTERACTION
In our previous work, 12 we considered magnetization of the following Rashba Hamiltonian when a voltage bias is applied longitudinally. In the present paper, we apply not only the electrochemical potential gradient (i.e., voltage bias) but also a temperature gradient along the x direction (Fig. 1) . A pseudo-one-dimensional electron gas system (P1DEG) connects particle baths with a temperature and an electrochemical potential ðT l ; l l Þ on the left and ðT r ; l r Þ on the right. The system Hamiltonian is given bŷ
where m* is the effective mass of an electron and a RSO is the strength of the Rashba interaction. We impose the same periodic boundary conditions in the y direction as in the previous work. 12 To compute the linear response, we put
The Hamiltonian (1) can be diagonalized, and the eigenvalues are obtained as follows:
where
We choose the y direction as the quantization axis of the electron spin. Therefore, r y = ±1 and k y ¼ 0; AE2p=W; AE4p=W; AE6p=W; . . . : We show typical subband structures in Fig. 2a for |k y | < h/2 and Fig. 2b for jk y j ! h=2 (see also schematic views of subbands in Fig. 3 of Ref. 12). The subbands are characterized by the following variables:
We also define k < y 2 fjk y j < h=2g and k > y 2 fjk y j ! h=2g:
ELECTRIC AND HEAT CURRENTS
Now, we calculate the electric current I e and the heat current I Q in the x direction carried by electrons.
The right-going current originated in the left contact contains all the states with positive group velocity, v r y ¼ ð1=" hÞ@ r y k x ; k y À Á =@k x > 0 (the solid curves in Fig. 2) .
We first calculate the right-going electric current I e;R ðk < y Þ for the channel k < y as follows:
Fig. 1. A quantum wire under electrochemical potential and temperature gradients. The temperature and the electrochemical potential of the left particle bath are T l and l l ; respectively. Those of the right particle bath are T r and l r . We set , the lower subband has one minimum at k x = 0.
